In the performance of a spindle CNC system, its bearings play an important role. Many problems arising in a spindle CNC operation are linked to bearing faults. In this project, the accuracy of the instruments and devices used to monitor and control the motor system is highly dependent on the dynamic performance of its bearings. Thus, fault diagnosis of a motor system is inseparably related to the diagnosis of the bearing assembly. In this paper, bearing vibration frequency features are discussed for spindle CNC of bearing fault diagnosis. This paper then presents an approach for life prediction of spindle CNC rolling bearing using nonlinear regression analysis. Vibration data are used to assist in the design for controlling and rolling bearing fault diagnosis strategies. Then our results obtained indicate that controlling and rolling bearing fault diagnosis can be effective agents in life prediction and diagnosis.
Introduction
Computer Numerical Control (CNC) is one in which the functions and motions of a machine tool are controlled by means of a prepared program containing coded alphanumeric data. CNC is an important technology increasing productivity and reducing production costs. The benefits of CNC are (1) high accuracy in manufacturing, (2) short production time, (3) greater manufacturing flexibility, (4) simpler fixturing, (5) contour machining (2 to 5-axis machining), (6) reduced human error. The drawbacks include high cost, maintenance, and the requirement of skilled part programmer.
CNC Spindle is the most important mechanical component in removing metal during machining operations. CNC Spindle is a rotating axis of the machine, which frequently used has a shaft at its heart. The shaft itself is called spindle, it is including three bearing in the front and two bearings in the rear of the spindle. Machine tool spindles lead to unstable chatter vibrations, cutting forces and uneven tensions in the belt and pulleys. This project presents the analysis of natural frequencies and vibration of CNC Spindle by considering no load. This method can be applied to help businesses gain a competitive edge [1] . In this time of expanding global markets, it has become essential for manufacturers to improve process efficiencies, maintain stricter part tolerances, and enhance part quality. Furthermore, the motivation for using analytical tools for process optimization, rather than costly trial and error, has perhaps never been greater. The application of natural frequencies and vibration is used widely in various machines [2] .
Literature Review
Vibration can be described as the mechanical oscillation about an equilibrium point [3] . In case that you are measuring vibration from the bearing of a machine, you are measuring the response of the bearing housing to the forces generated inside the machine [4] . Those forces relate to all of the rotating elements: the shaft, the balls in the bearing, and the blades on the fan, plus the vibration coming from the process and surrounding machines. The vibration tells us about the forces inside the machine [5] . To take advantage of this information a sensor (also called transducer) is needed to convert the vibration into an electrical signal that we can process and store. Collection good data is the most important part of the vibration analysis. The user should use the right sensor (mounted correctly as last time) and at the same time the test should be perform the same way every time, this means that the machine is running the same way as last time (previous vibration test). Depending on the machine speed or bearing type the user should select between displacement sensor, velocity sensor and acceleration sensors [6] . Annual calibration for this sensor is highly recommended by manufacturers [7] . Bearing faults are among the most common causes of failure in rotating machines [1, 2] . The root cause of such failures includes pitting, spalling, electroerosion, and wear. Most commonly, faults occur as surface damage on the bearings' raceways or on the rolling elements.
A review is described of the development of all analytical and finite element (FE) models available in the literature for predicting the vibration response of rolling element bearings with localised and extended defects [8] . Low-and high-frequency vibration signals are generated at the entry and exit of the rolling elements into and out of a bearing defect, respectively [9] . Undesirable vibrations in rolling element bearings can be caused by faulty installation, poor maintenance and handling practices [10] or surface fatigue [11] , which eventually leads to the formation of various types of defects [12] , often referred to as spalls, within rolling element bearings. It is well-known that when a defective (spalled) component, either a rolling element, an outer raceway or an inner raceway, within an operating bearing interacts with its corresponding mating components, either defective or non-defective, abrupt changes in the contact stresses occur [13] .
A theoretical model to predict the effect of localized defect on vibrations associated with ball bearing presented that the model yields both the frequency and the acceleration of vibration components of the bearing [14] ; So, the effect of the defect size and its location had been investigated. In addition, the method about analysis of bearing stiffness variations, contact forces and vibrations in radially loaded double row rolling element bearings with raceway defects is applied to ball bearings on gearbox and fan test rigs seeded with line or extended outer raceway defects [15] .
Moreover, a vibration-based health monitoring approach for cooling fans is proposed using a wavelet filter for early detection of faults in fan bearings and for the assessment of fault severity, and the results of show that the proposed method can effectively detect incipient defects and can better capture the degradation trend of fan bearings than traditional time-domain indices in vibration analysis [16] . Besides, the diagnosis of distributed bearing faults employing vibration analysis is modelled by incorporating the geometrical imperfections of the bearing components; so, it is shown experimentally that features extracted from vibrations in fault-free, localized and distributed fault conditions form clearly separable clusters, thus enabling diagnosis [17] .
Overview on Bearing Vibration Frequency Features of Bearing Spindle CNC
In the bearing fault diagnosis process of Spindle CNC, as shown in Figure 1 , the sensors collect time domain vibration signals. The fast Fourier transform (FFT) technique is then employed to convert the time-domain signals into frequency-domain signals, which can provide salient features for the diagnosis of the bearing condition. The designed fault diagnosis system can use both time-domain and frequencydomain signals to perform motor bearing fault diagnosis [5, 6] .
Since most bearing vibrations are periodical movements, it is easy to extract vibration features from the frequency domain using the powerful and popular FFT technique. Many publications have studied the frequency features of rolling bearing vibration [18, 19] Generally, rolling bearings consist of two concentric rings, called the inner raceway and outer raceway, with a set of rolling elements running in their tracks. Standard shapes of rolling elements include the ball, cylindrical roller, tapered roller, needle roller, and symmetrical and unsymmetrical barrel roller [20] . Typically, the rolling elements in a bearing are guided in a cage that ensures uniform spacing and prevents mutual contact.
There are five basic motions that are used to describe the dynamics of bearing elements, with each movement having a corresponding frequency [21, 22] . These five frequencies are denoted as the shaft rotational frequency (F S ), the fundamental cage frequency (F C ), the ball pass inner raceway frequency (F BPI ), the ball pass outer raceway frequency (F BPO ), and the ball rotational frequency (F B ). These frequencies are illustrated in Figure 2 . 1. Shaft Rotational Frequency (F S ), as bearings are often used to form a bearing-rotor system, the speed of the rotor (or shaft) F S is very important to the movements of bearings. All other frequencies are a function of this frequency.
2. Fundamental Cage Frequency (F C ), the fundamental cage frequency F C is related to the motion of the cage V c . It can be derived from the linear velocity of a point on the cage , which is the mean of the linear velocities of the inner raceway V c , and the outer raceway V c , i.e., V c = (V i + V 0 )/2. When V c is divided by the radius of the cage r c = (D c /2), we can get the fundamental cage frequency F C . Thus, F C can be written [5, 6] as Equation (1).
Sometimes, it is more convenient to represent the linear velocities V i and V o as their respective rotational frequencies (2). 
Nonlinear Regression
The basic idea of nonlinear regression is the same as that of linear regression, namely to relate a response Y to a vector of predictor variables
Nonlinear regression is characterized by the fact that the prediction equation depends nonlinearly on one or more unknown parameters [23] . Whereas linear regression is often used for building a purely empirical model, nonlinear regression usually arises when there are physical reasons for believing that the relationship between the response and the predictors follows a particular functional form. A nonlinear regression model has the form [24] :
Where, the Y i are responses, f is a known function of the covariate vector The definition of nonlinearity relates to the unknown parameters and not to the relationship between the covariates and the response [25] . For example the quadratic regression model is considered to be linear rather than nonlinear because the regression function is linear in the parameters β j and the model can be estimated by using classical linear regression methods [23] .
Practical introductions to nonlinear regression including many data examples are given by Smyth [26] and by Stromberg and Ruppert [27] . A more extensive treatment of nonlinear regression methodology is given by Bates and Watts [23] Stromberg and Ruppert [27] have considered high-breakdown nonlinear regression. Wei [24] gives an extensive treatment of generalized nonlinear regression models with exponential family responses. In particular, Wei [24] extends curvature measures of nonlinearity to this more general context and uses them for second-order asymptotics.
Methodology
The Case Study of CNC Spindle Bearing, CNC of Bridgeport VMC 600 Specification: Year: 1998; Heidenhain 410 control system; Rapid feed rate: X, Y and Z: 40/40/20 m/min; Strokes: X, Y and Z: 600/410 /520 mm; 22 tool BT40 taper tool change; Spindle speed: 10,000 rpm; Table size : 840 × 420 mm in Figure 4 and Drawing of CNC Spindle of VMC 600 ( Figure 5 ).
In this project, we used Bearing Vibration Signal of CNC Spindle Bearing of VMC 600 to create 3 main objectives in Figure 8. 1. To avoid when setting matches the natural frequencies of CNC Spindle Bearing, we determined the natural frequencies of CNC Spindle Bearing on respectively steps.
3. Ball Pass Inner Raceway Frequency (F BPI ), the ball pass inner raceway frequency indicates the rate at which the balls pass a point on the track of the inner raceway. The value of F BPI is equal to the number of bearing balls N B multiplied by the difference between the fundamental cage frequency F C and the inner raceway frequency F i [5, 6] as Equation (3).
4. Ball Pass Outer Raceway Frequency (F BPO ), similar to the ball pass inner raceway frequency F BPI , the ball pass outer raceway frequency F BPO is defined as the rate at which the balls pass a point on the track of the outer raceway. The value of F BPO is a function of the number of bearing balls N B and the difference between the outer raceway frequency F O and the fundamental cage frequency F C [5, 6] as Equation (4).
5. Ball Rotational Frequency (F B ), the ball rotational frequency F B is the rate of rotation of a ball about its own axis in a bearing. This frequency F BPO can be calculated from either the ball pass inner raceway frequency or ball pass outer raceway frequency F BPO . Both situations will give the same result [5, 7, 18, 19] as Equation (5).
Where r b is the radius of the ball.
In a motor system, the outer raceway can be assumed stationary, since it is generally locked in place by an external casing, while the inner raceway is rotating at the speed of the shaft, i.e., F 0 = 0 and F i = F S . Therefore, in a motor system, as Equation (2) to (5) can be summarily rewritten as Equation (6) 
To monitor Vibration for Health and to plan Preventive
Maintenance in CNC Spindle Bearing, we calculated Reliability in Overall Vibration on each speed of different levels of no load on each working time (hours), and analysed Non Linear Regression on Working Times (hours) and Reliability. Our data for this objective were developed from measuring the vibration of CNC Spindle Bearing to collect the data of Overall Vibration on each speed of different levels of no load on each working time (hours), and to analyse Non Linear Regression on Working Times (hours) and Reliability [28] [29] [30] [31] [32] .
3. To support information to diagnose the fault of CNC Spindle Bearing by applying Bearing Vibration frequency features, we analysed Non Linear Regression on Working Times (hours) and Vibration to forecast vibration cause damage of CNC Spindle Bearing. Our data for 3.1 We measured the vibration of CNC Spindle Bearing with our methods used in this test in Figure 9 consisted of (1) FFT parameter settings following the H Frequency 10-1000 Hz, LOR 1600, Average 5, Hanning window (2) To measure Vibration of CNC Spindle on each speed at different levels of no load such as 500 rpm, 1,000 rpm, 1,500 rpm and 2,000 rpm.
3.2 Because now our case study of CNC Spindle doesn't have the problem data of bearing fault. So, we try to calculate Equation 6 to 9 to support effective information for managing our bearing fault diagnosis on next time.
Results
Natural Frequency at Spindle of CNC Spindle of Bridgeport VMC 600 in Table 1 and Graph of Frequency Response Function (FRF), g/lb and Coherence of Spindle: VMC 600 in Figure 10 .
Overall Vibration on each speed of different levels of no load such as 500 rpm, 1,000 rpm, 1,500 rpm and 2,000 rpm at Spindle of CNC Spindle of Bridgeport VMC 600 at 6,000 hours in Table 2 and Graph of Auto Spectrum at 6,000 hours in Figure 11 .
Our data analysis displayed about Overall Vibration on each speed of different levels of no load (VMC 600 Spindle) on each working time (hours) shown in Table 3 ; Reliability in Overall Vibration on each speed of different levels of no load (VMC 600 Spindle) on each working time (hours) shown in Table 4 ; Data and Graphs on Overall Vibration and Reliability in Overall Vibration on each speed of different levels shown in Table 5 ; Summary on Non Linear Regression: (X: Order); (Y: Vibrations) of VMC 600 Spindle shown in Table 6 ; Summary on Non Linear Regression: (X: Order); (Y: Reliability) of VMC 600 Spindle in Table 7 .
Discussion
1. We utilised that the manual of VMC 600 Spindle CNC about Bearing Fault with Vibration in Acceleration (mm/s 2 ) guided us to monitor the bearing health condition with the acceleration levels happened in each moment shown in Table 8 .
We converted Velocity of beginning working time to General
Acceleration with Equation (12) from Overall Vibration on each speed of different levels of no load of VMC 600 Spindle on 2,000 hours of working time shown in Table 9 .
(by A: Acceleration; V: Velocity; f: frequency) 
We applied Bearing Health Condition with Levels of

Levels of Acceleration Bearing Health Condition
A < (2 GA) Normal
To define Acceleration: A; General Acceleration: GA Table 9 : Converting Velocity of beginning working time to General Acceleration on each speed of different levels of no load of VMC 600 Spindle (at 2,000 hours).
A < (2)(8.64) Normal Table 13. 2. We applied the equation (6) to (9) to calculate the bearing fault diagnosis of VMC 600 Spindle CNC (B71914-C-T-P4S; Dia. Shaft: 70 mm; No. Ball: 23; 8.33 Hz); therefore, the results shown in Table 14 to enhance proficient diagnosis when bearing fault will happen the symptom in Bearing Health Condition of Unusual.
Conclusion
This paper has discussed 3 main parts. To begin with, we try to determine the natural frequencies of CNC Spindle to avoid setting that matches the natural frequency of the machine parts. In addition, we collected the vibration data used to assist in the design for controlling, predicting reliability in overall vibration on each speed in each working time by using non-linear regression. Moreover, in the bearing fault diagnosis process of CNC Spindle, we analysed rolling bearing fault diagnosis strategies in both time-domain and frequency-domain signals to perform motor bearing fault diagnosis. The results show that our model can be effectively used in the diagnosis of bearing faults of CNC Spindle through appropriate measurement and life prediction of CNC Spindle. To define Velocity: V (mm/sec) ; Times: T (hours) 
